Neuropeptide Y (NPY) is an inhibitory neuromodulator expressed abundantly in the central nervous system that is suspected of being an endogenous antiepileptic agent that can control propagation of limbic seizures. Electrophysiological and pharmacological data suggest that these actions of NPY are mediated by G protein-coupled NPY Y2 and NPY Y5 receptors. To determine whether the NPY Y5 receptor (Y5R) is required for normal control of limbic seizures, we examined hippocampal function and responsiveness to kainic acidinduced seizures in Y5R-deficient (Y5R؊͞؊) mice. We report that Y5R؊͞؊ mice do not exhibit spontaneous seizure-like activity; however, they are more sensitive to kainic acid-induced seizures. Electrophysiological examination of hippocampal slices from mutant mice revealed normal function, but the antiepileptic effects of exogenously applied NPY were absent. These data demonstrate that Y5R has an important role in mediating NPY's inhibitory actions in the mouse hippocampus and suggest a role for Y5R in the control of limbic seizures. N europeptide Y (NPY) is one of the most abundant neuropeptides in the mammalian peripheral and central nervous systems (1-3). It is expressed prominently in inhibitory GABA-ergic interneurons in the hippocampus (4, 5), where its expression increases in response to seizure activity (5-8). NPY selectively inhibits excitatory neurotransmission (9-11), and mice lacking NPY occasionally exhibit mild seizure-like activity, are more susceptible to seizures induced by the GABA antagonist, pentylenetetrazole (PTZ) (12), and are far more likely to die in response to kainic acid (KA)-induced seizures (13). Moreover, in rats, centrally administered NPY inhibits KAinduced seizures (14), PTZ-induced seizures (15), and electrically stimulated hippocampal seizures and their associated wet dog shakes (16). Consequently, NPY is considered to be an endogenous anticonvulsant.
Neuropeptide Y (NPY) is an inhibitory neuromodulator expressed abundantly in the central nervous system that is suspected of being an endogenous antiepileptic agent that can control propagation of limbic seizures. Electrophysiological and pharmacological data suggest that these actions of NPY are mediated by G protein-coupled NPY Y2 and NPY Y5 receptors. To determine whether the NPY Y5 receptor (Y5R) is required for normal control of limbic seizures, we examined hippocampal function and responsiveness to kainic acidinduced seizures in Y5R-deficient (Y5R؊͞؊) mice. We report that Y5R؊͞؊ mice do not exhibit spontaneous seizure-like activity; however, they are more sensitive to kainic acid-induced seizures. Electrophysiological examination of hippocampal slices from mutant mice revealed normal function, but the antiepileptic effects of exogenously applied NPY were absent. These data demonstrate that Y5R has an important role in mediating NPY's inhibitory actions in the mouse hippocampus and suggest a role for Y5R in the control of limbic seizures. N europeptide Y (NPY) is one of the most abundant neuropeptides in the mammalian peripheral and central nervous systems (1) (2) (3) . It is expressed prominently in inhibitory GABA-ergic interneurons in the hippocampus (4, 5) , where its expression increases in response to seizure activity (5) (6) (7) (8) . NPY selectively inhibits excitatory neurotransmission (9) (10) (11) , and mice lacking NPY occasionally exhibit mild seizure-like activity, are more susceptible to seizures induced by the GABA antagonist, pentylenetetrazole (PTZ) (12) , and are far more likely to die in response to kainic acid (KA)-induced seizures (13) . Moreover, in rats, centrally administered NPY inhibits KAinduced seizures (14) , PTZ-induced seizures (15) , and electrically stimulated hippocampal seizures and their associated wet dog shakes (16) . Consequently, NPY is considered to be an endogenous anticonvulsant.
Electrophysiological and pharmacological studies preceding the discovery of NPY Y5 receptor (Y5R) (17) have implicated Y2R in the modulation of NPY's anticonvulsant actions in the rat hippocampus (18) (19) (20) . These studies suggest that NPY suppresses excitatory transmission by activating Y2R expressed on presynaptic terminals of excitatory neurons and, consequently, inhibiting presynaptic glutamate release (18) (19) (20) . More recent studies with rat hippocampal slices suggest the involvement of Y2R and, possibly, Y5R (21) . The pharmacological profile of centrally administered NPY analogues capable of inhibiting KA-induced seizures in rats also suggests the involvement of Y5R (14) . Taken together, these data implicate Y5R in the modulation of NPY's anticonvulsant actions. To test this hypothesis, we used a genetic approach. Specifically, the ability of NPY and several of its analogues to block acute epileptiform activity in brain slice preparations from wild-type and Y5R-deficient (Y5RϪ͞Ϫ) mice was evaluated. Additionally, the responsiveness of wild-type and Y5RϪ͞Ϫ mice to peripherally and centrally administered KA was examined in freely behaving mice.
Materials and Methods
Peptides and Drugs. Human PYY , human NPY, human NPY , and human pancreatic polypeptide were purchased from Bachem (Torrance, CA) and American Peptide (Sunnyvale, CA). KA and all other chemical reagents were from Sigma.
Animals. NPYϪ͞Ϫ mice on either a mixed C57BL͞6J ϫ 129͞Sv or an inbred 129͞Sv background were described previously (12, 13) . Y5RϪ͞Ϫ and wild-type littermate mice were generated by breeding mice heterozygous for the disrupted allele as described (22) . Data were acquired from 14-to 20-week-old mice of the second generation on either the mixed or inbred background. Mice were housed individually and maintained under controlled temperature (23°Ϯ 2°C) and lights (lights on 07:00 a.m. to 7:00 p.m. 
Intracerebroventricular (ICV) Cannulation and Injections.
The left lateral ventricle (0.6 mm posterior, 1.9 mm lateral, and 2.1 mm ventral to bregma) was cannulated as described (22) . At least 7 days after surgery, ICV injections were performed in conscious mice without anesthesia. KA was dissolved in 5 mM Tris, pH 7.6, and the pH was adjusted to approximate neutrality with 1 M NaOH, as indicated by phenol red; the final concentration of KA was 0.75 g͞l, and 1 l was administered via a 10-l Hamilton syringe in a syringe pump set to dispense 1 l͞min. Cannulae placement was verified at the end of the experiment by injection of 1 l of a 1% cresyl violet solution, removal of the brain, and microscopic examination of coronal brain slices.
Scoring Seizure Severity. Pharmacologically induced seizure severity was scored according to a modified version of the scoring system described by Racine (23) . A score of 0 was assigned to mice that exhibited no signs of motor seizure activity; 1 for staring, mouth, or facial movements; 2 for head nodding or isolated twitches; 3 for unilateral͞bilateral forelimb clonus; 4 for rearing; 5 for loss of posture, jumping, or status epilepticus (Ͼ30 min of seizure activity); and 6 for death. Motor seizure activity was defined as at least 15 consecutive sec of tonic clonic activity. Mice that survived the 2-hr observation period were assigned the maximum latency time of 120 min for death.
Hippocampal Slice Electrophysiology. Acute hippocampal slices (450 m) were prepared from male and female adult mice, as described (13) . The resulting slices were transferred immediately Abbreviations: NPY, neuropeptide Y; Y1R, Y2R, and Y5R, neuropeptide Y1, Y2, and Y5 receptors, respectively; Y5RϪ͞Ϫ mice, Y5R-deficient mice; KA, kainic acid; ICV, intracerebroventricular; ACSF, artificial cerebrospinal fluid.
to a holding chamber, where they remained submerged in oxygenated artificial cerebrospinal fluid (ACSF) consisting of 124 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM MgSO 4 , 26 mM NaHCO 3 , 2 mM CaCl 2 , and 10 mM dextrose (297 mosM). Slices were held at room temperature for Ն60 min before being transferred to a submersion-type recording chamber, where they were perfused with oxygenated recording medium at a rate of Ϸ2.5 ml͞min (temperature ϭ 32-34°C). To elicit epileptiform activity the perfusion medium was changed to either 0-Mg 2ϩ -ACSF (ACSF with MgSO 4 omitted; 1.6 mM CaCl 2 and 5 mM KCl) (23), picrotoxin-ACSF (ACSF with 200 M picrotoxin͞6 mM KCl), or 4-aminopyridine-ACSF (ACSF with 400 M 4-AP͞6 mM KCl). Extracellular recording electrodes (2 M NaCl, 2-10 M⍀) were used to record field potentials from the stratum pyramidal of CA1, CA3, or neocortex (somatosensory cortex, layers II-III or V-VI). For electrical stimulation of the tissue, a monopolar electrode (World Precision Instruments, Sarasota, FL) was placed on the surface of the slice in the stratum radiatum. Stimuli consisted of 150-sec constant current pulses at 25-750 A. Spontaneous field activity and responses to stimulation were analyzed and stored on-line by using AXOSCOPE software and an A͞D board (Axon Instruments, Foster City, CA).
Statistical Analysis. All values are reported as mean Ϯ SEM. Data were analyzed either by the unpaired Student's t test or one-way ANOVA followed by the least-significant-difference post hoc test when appropriate. P values Ͻ0.05 were reported as significant.
Results
In Vitro Electrophysiology. To determine whether NPY exerts antiepileptic actions in the mouse hippocampus, we investigated the effect of exogenous peptide application on seizure activity in vitro. Extracellular field responses were monitored simultaneously in the CA1 and CA3 pyramidal cell regions of hippocampal slices from wild-type mice (n ϭ 16 slices from 7 animals). Spontaneous epileptiform discharges (10-to 75-ms duration; 2-to 8-mV amplitude) were observed after bath perfusion with 0-Mg 2ϩ -ACSF (0-Mg-ACSF) (24) . After the development of a stable level of spontaneous discharge (0.1-0.5 Hz; 40-180 min), slices then were perfused with 0-Mg-ACSF containing 1 M human NPY. NPY abolished spontaneous epileptiform discharge activity in all slices tested (n ϭ 6; Fig. 1A) ; this effect was reversible upon drug washout (baseline ϭ 0.16 Ϯ 0.03 Hz; NPY ϭ 0.01 Ϯ 0.01 Hz; wash ϭ 0.13 Ϯ 0.03 Hz). In contrast, exogenous NPY application did not reduce spontaneous epileptiform discharge activity observed in neocortex (n ϭ 4; data not shown). Similar results were observed in the picrotoxin (n ϭ 2) and 4-aminopyridine (n ϭ 2) models of in vitro seizure activity (data not shown).
To determine which NPY receptor subtypes might be involved in mediating the antiepileptic actions of NPY in the mouse hippocampus, several commonly used peptide agonists were tested. Exogenous application of 1 M NPY , a peptide agonist with preference for Y2R (25) , mimicked the effect of NPY (n ϭ 8; Fig. 1B) . Dose-response studies indicated that NPY reversibly blocked hippocampal seizure activity in an all-or-none manner at concentrations between 0.25 and 1 M (n ϭ 3). Exogenous application of 1 M human pancreatic polypeptide (hPP), a peptide with preference for Y5R (17) , also mimicked the effect of human NPY (n ϭ 4; Fig. 1C To investigate the potential role of Y5R in modulation of seizure activity, electrophysiology studies in hippocampal slices from Y5RϪ͞Ϫ mice were performed. Initial studies, using conventional stimulation paradigms (27, 28) , demonstrated that synaptic function was unaltered in the hippocampus of Y5RϪ͞Ϫ mice. Input-output curves after single-pulse stimulation in stratum radiatum were constructed for slices from Y5RϪ͞Ϫ (n ϭ 9 slices from 4 mice) and wild-type littermate (n ϭ 8 slices from 4 mice) mice; no differences in Schaffer collateral-CA1 synapse function were observed ( Fig. 2A) . Similarly, a paired-pulse stimulation paradigm failed to reveal differences in synaptic function at this synapse (Fig. 2B ). Bath perfusion with 0-Mg-ACSF elicited spontaneous epileptiform discharge activity in slices from Y5RϪ͞Ϫ mice. Exogenous application of human NPY (0.5-4 M) had no effect on seizure activity observed in either hippocampus or neocortex (n ϭ 9; baseline ϭ 0.10 Ϯ 0.02 Hz; NPY ϭ 0.10 Ϯ 0.01 Hz). A representative extracellular field recording during an NPY challenge in a slice from a wild-type mouse is shown in Fig. 2C . Exogenous application of 1 M human NPY 13-36 also had no effect (n ϭ 3; baseline ϭ 0.14 Ϯ 0.03 Hz; NPY 13-36 ϭ 0.13 Ϯ 0.01 Hz). Subsequent application of 1 M tetrodotoxin, a Na ϩ channel antagonist, abolished epileptiform activity, in both hippocampus and neocortex, of all slices tested (n ϭ 5), indicating that bursting can be abolished in slices from Y5RϪ͞Ϫ mice.
Comparison of Handling-Induced Seizures in NPY؊͞؊ and Y5R؊͞؊
Mice. Visual observations of male and female Y5RϪ͞Ϫ mice of various ages on either a mixed C57BL͞6J ϫ 129͞Sv genetic background or an inbred 129͞Sv background for 30 min revealed no spontaneous, seizure-like behaviors when housed under standard vivarium conditions, and they responded normally to stress induced by handling, tail suspension, or placement on the cage top. This is in contrast to NPY-deficient mice, which exhibit seizure activity in response to mild forms of stress, including handling, tail suspension (D.J.M., unpublished observation), and placement of mice on cage tops (12) . This seizure phenotype is more severe on an inbred 129͞Sv background. Adult NPYϪ͞Ϫ mutant mice occasionally display motor seizures characterized by tonic clonic activity and loss of posture in response to mild stressors (D.J.M., unpublished observation).
Response of Y5R؊͞؊ Mice to Peripherally Administered KA. To determine whether the Y5R is involved in the modulation of limbic seizure activity, we evaluated the response of wild-type and Y5RϪ͞Ϫ mice to peripherally administered KA. KA is an analogue of glutamate capable of inducing robust limbic motor seizures (29) . On a mixed C57BL͞6J ϫ 129͞Sv genetic background, mice of all genotypes exhibited similar behavioral responses to both low (20 mg͞kg; Fig. 3 A-C) and high (40 mg͞kg; Fig. 3 D-F) doses of KA. At both doses the latency times to bilateral forelimb clonus (BFC), loss of posture (LOP), and death were similar in control and mutant mice (Fig. 3 B and E) . Although not significant, Y5RϪ͞Ϫ mice on a mixed genetic background displayed a trend toward greater seizure severity ( Fig. 3 A and D) and were more likely to die than wild-type littermates in response to KA (Fig. 3 C and F) . Heterozygous mutant (Y5Rϩ͞Ϫ) mice also exhibited greater seizure severity and increased death when challenged with KA ( Fig. 3 C, D, and  F) . In response to the higher dose of KA, twice as many mutant mice died as compared with wild-type littermates (Fig. 3F) . These results and the observation that genetic background influences the seizure susceptibility of NPY-deficient mice prompted us to explore the response of inbred 129͞Sv Y5RϪ͞Ϫ mice to peripherally administered KA.
We evaluated the response of wild-type and Y5RϪ͞Ϫ mice on the 129͞Sv background to a 40-mg͞kg dose of KA (Fig. 3 G-I) . Y5RϪ͞Ϫ mice exhibited motor seizures of significantly greater severity than did wild-type mice (Fig. 3G) , and the latency times to loss of posture and death were significantly shorter for Y5RϪ͞Ϫ mice (Fig. 3H) . Approximately 75% of the Y5RϪ͞Ϫ mice died compared with 20% of controls (Fig. 3I) .
Response of Y5R؊͞؊ Mice to Centrally Administered KA. We also evaluated the response of Y5RϪ͞Ϫ mice on the mixed genetic background to KA administered ICV, because this paradigm tends to elicit more reproducible behavioral effects. Permanent indwelling cannulae were implanted into the left lateral ventricles of male Y5RϪ͞Ϫ and wild-type littermate mice on a mixed genetic background. A dose of KA (0.75 g) capable of reproducibly generating level 5 motor seizures (i.e., loss of posture and status epilepticus) in wild-type mice was chosen. The Y5RϪ͞Ϫ mice were hypersensitive to the effects of centrally administered KA. They exhibited significantly shorter latency times to motor seizure activity (Y5RϪ͞Ϫ ϭ 2.33 Ϯ 0.65 min vs. wild type ϭ 15.2 Ϯ 2.6 min; P Ͻ 0.03; n ϭ 8 -9 for both groups) and all other behavioral indices. This dose of KA killed 50% of the wild-type mice and all of the Y5RϪ͞Ϫ mice.
Discussion
Both in vitro and in vivo studies have substantiated the role of NPY as an endogenous anticonvulsant; however, the NPY receptor subtype(s) mediating these effects has not been clearly defined. Electrophysiological and pharmacological studies with rats have suggested the involvement of Y2R (18) (19) (20) and probably Y5R (21) , but the lack of validated NPY receptor subtypespecific antagonists has hampered a definitive conclusion. Consequently, we have studied mice lacking Y5R to determine its role in modulation of NPY's anticonvulsant activities.
Exogenously applied NPY inhibited epileptiform discharges elicited by perfusing hippocampal slices from wild-type mice with 0-Mg-ACSF. Interestingly, NPY inhibited discharges only in the hippocampus and did not affect spontaneous epileptiform activity in the mouse somatosensory cortex. This lack of an effect on cortical activity is inconsistent with NPY's abilities to inhibit epileptiform activity in rat cortical slices (21) . These studies suggest that the antiepileptic actions of NPY in the rat frontal cortex (but perhaps not other regions of the cortex) may be mediated predominantly by Y1R (21) . Alternatively, this disparity may be due to species differences in the expression patterns of the various NPY receptor subtypes expressed in the central nervous system. Y1R is present at high levels in the rat cortex (3, 30, 31) , but only moderately expressed in the mouse cortex (32) . Y1R predominates in the rat cortex, but Y2R and Y5R also have been detected (3, 30, 31, 33) , but neither Y2R nor Y5R have been detected in the mouse cortex (32) . In contrast, Y1R, Y2R, and Y5R are all expressed in the hippocampal formation of both the rat (17, 30, 31, 33) and mouse (32) .
Consistent with the rat hippocampal slice data (18) (19) (20) (21) , electrophysiological and pharmacological studies with several NPY analogues with receptor subtype selectivity suggest the involvement of at least Y2R and͞or Y5R in the modulation of NPY's anticonvulsant actions in the mouse hippocampus. Similar experiments with hippocampal slices from Y5RϪ͞Ϫ mice have validated the involvement of Y5R. Interestingly, neither NPY nor the Y2R-preferential agonist, NPY , had an effect on spontaneous epileptiform discharges in hippocampal slices from Y5RϪ͞Ϫ mice, demonstrating an absolute requirement for Y5R in mediating NPY's anticonvulsant actions in mouse hippocampal slices. These studies also suggest that the anticonvulsant actions of NPY in mouse hippocampal slices may be mediated by Y5R.
Electrophysiological evaluation of hippocampal function in Y5RϪ͞Ϫ mice suggests that Y5R is not required for hippocampal function under normal conditions. Neither standard inputoutput nor paired-pulse paradigms revealed any deficits at the Schaffer collateral to CA1 synapse, a synapse shown to be modulated by NPY (13) , in hippocampal slices from Y5RϪ͞Ϫ mice. These in vitro results are consistent with the normal behavior exhibited by Y5RϪ͞Ϫ mice. Because both NPYϪ͞Ϫ (13) and Y5RϪ͞Ϫ mice are more likely to die than wild-type littermate mice in response to KA-induced seizures, endogenous NPY apparently modulates limbic seizure activity, at least in part, through activation of Y5R. In contrast to NPYϪ͞Ϫ mice (12), Y5RϪ͞Ϫ mice do not exhibit seizure-like activity in response to handling, suggesting that other NPY receptor subtypes modulate limbic activity in vivo in addition to Y5R. Interestingly, differences in genetic background influence the sensitivity of Y5RϪ͞Ϫ mice, but not wild-type mice, to KAinduced seizures. Y5RϪ͞Ϫ mice maintained on an inbred 129͞Sv background exhibit a stronger phenotype in response to peripherally administered KA than do mutant mice on a mixed 129͞Sv ϫ C57BL͞6J background, whereas wild-type mice on either background exhibit similar responses. These data imply that some gene in the C57BL͞6J genetic background influences the antiepileptic actions of NPY mediated by Y5R. The results are consistent with the observation that NPY deficiency results in more severe and more frequent handling-induced seizures on an inbred 129͞Sv background.
The present studies have demonstrated the requirement for Y5R in the mediation of the antiepileptic activity of NPY in the mouse hippocampus and support a role for Y5R modulation of limbic seizures in vivo. However, Y5R does not appear to be required for normal hippocampal function or the control of normal excitatory signaling. These data suggest that Y5R-selective agonists may provide a novel approach for the treatment of epilepsy.
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